To reduce the cost of an AC-DC-AC system, a single-phase-to-three-phase electrolytic capacitor-less inverter has been proposed. In particular, to satisfy the requirements of a harmonic source current, it is necessary to control the source current under sinusoidal waveform conditions. However, the DC-link voltage becomes an absolute value of the source voltage, and the output voltage is almost zero near the zero-crossing region of the source voltage. In the zero-output-voltage region, the motor current response deteriorates while controlling the sinusoidal source current. When the motor speed is high, the copper loss is always large because the motor current in the zero-output-voltage region depends on the back-electromotive force of the motor. To suppress the copper loss in the zero-output-voltage region, this paper proposes a copper-loss reduction control method that utilizes the initial-condition response of the motor current.
Introduction
Currently, motor drives are widely used in variable-speed AC motors to reduce energy consumption and to attain superior performance (1)-(3) . Generally, the AC motors are driven by an AC-DC-AC system that consists of an AC-DC converter and a DC-AC inverter with an electrolytic capacitor. These power converters control the source current and the motor current, respectively. The electrolytic capacitor is inserted into the DC-link, which also prevents system downsizing. Therefore, many techniques have been proposed to reduce the capacitance of the smoothing capacitor (4)-(12) . One such technique employs a motor drive system that consists of a single-phase diode rectifier, a lowcapacitance film capacitor, a three-phase voltage-source inverter, and an interior permanent-magnet synchronous motor (IPMSM) (7)-(12) . In the system, a single-phase power ripple is sent to motor and absorbed into moment of inertia. Because the system does not apply an electrolytic capacitor and power factor correction (PFC) circuit, the system significantly reduces the cost and size of the AC-DC-AC system. Since the system causes speed variations, applications of this system are limited to compressor motor drives that do not require a * Tokyo Metropolitan College of Industrial Technology 1-10-40, Higashi-Ohi, Shinagawa-ku, Tokyo 140-0011, Japan * * Nagaoka University of Technology 1603-1, Kamitomioka-machi, Nagaoka, Niigata 940-2188, Japan high-precision speed response, such as those used in air conditioners and refrigerators. However, the system must control both the motor current and the source current. Various inverter control methods have been proposed to improve the waveform of the source current (7)-(12) . In (7), the inverter output power is fed back, and the source current waveform is improved by controlling the fundamental frequency component of the power with the control system satisfying the internal model principle. However, this method does not satisfy the harmonic current guideline such as IEC 61000-3-2. In (8), the d-axis reference current is generated through the state feedback control based on the concept of average voltage constraint, and q-axis reference current is modified to maximize the input power factor without an additional sensor. The resonance between the inductor of input filter and DClink capacitor that occurs in source current is reduced in (9). In particular, the methods described in (10) and (12) realize a sinusoidal source current and satisfy the harmonic current guideline with small inductor that only filters out the switching ripple of the inverter. However, when the sinusoidal source current is obtained, the DC-link voltage becomes approximately equal to the absolute value of the source voltage because the system provides the source power to the motor directly. In the zero-crossing region of the source voltage, the inverter output voltage is also zero and the control performance for the motor current deteriorates. Consequently, a motor current corresponding to the back-electromotive force appears. In particular, a large current appears in the high-speed regions, deteriorating the motor efficiency. This paper analyzes the motor current response in zerooutput-voltage region, and proposes a copper-loss reduction control in the zero-output-voltage region using the initial condition response of the motor current. The purpose of the proposed method is to improve the motor efficiency by reducing motor copper loss while satisfying the guidelines for a harmonic source current. The proposed method is validated experimentally.
Direct DC-link Current Control for Sinusoidal Source Current
The electrolytic capacitor-less inverter controls the motor current and the source current because PFC circuit and energy buffer do not exist. Additionally, to satisfy the guidelines for a harmonic source current, it is necessary to control the source current under sinusoidal waveform conditions. In this paper, a Direct DC-link Current Control (DDCCC), as shown in Fig. 1 , is used as the conventional method to improve the source current waveform (12) . This section describes DDCCC that focuses on the relation between the source current and the DC-link current.
In the inverter, the relationship between the rectified source current |i s |, the DC-link current i dc , and the DC-link capacitor current i c is as follows:
Equation (1) indicates that the DC-link current waveform changes the source current waveform. Therefore, DDCCC improves the source current. The average DC-link current of each control period, excluding the switching ripple due to the inverter, is expressed as follows: 
Equation (3) indicates that a DC-link current equaling to its reference i * dc is obtained by modifying the reference voltage on a straight line. Hereinafter, this line is called the DC-link current line. When the output voltage, determined by the current controller and decoupling control, is lower than the voltage limit, DDCCC adjusts only the amplitude of the output voltage and modifies the output voltage to be equal to that of the DC-link current line. On the other hand, in the voltage saturation region, DDCCC modifies the output voltage to be equal to that at the intersection point between the voltage limit and the DC-link current line, and then DDCCC selects an intersection point nearer to the output voltage determined by the current controller and decoupling control. The mentioned modification implies controlling the source current under sinusoidal waveform conditions. The source current is largely controlled by DDCCC. In addition, the DC-link voltage becomes equal to the absolute value of the source voltage v s . Thus, the output voltage is zero in the zero crossing region.
The large voltage modifying deteriorates the control performance of the motor current. To improve the control performance deterioration, (11) and (12) have already proposed motor torque control method as shown in Fig. 1 and the q-axis reference current is obtained by the motor torque controller. Figure 2 shows a conventional d-axis reference current using the maximum torque per ampere (MTPA) control in Eq. (4) and flux-weakening (FW) control in Eq. (5) (12) (13) . 
where V om is calculated by using |v s | − v drop (not v dc ) to satisfy the voltage limit of Eq. (7), and v drop is the voltage drop across the diode rectifier, inverter, line impedance, etc.
From the three equations (4) and (5), solution having the largest negative value is used for the d-axis reference current.
In the zero-output-voltage region, FW control is applied to reduce the back-electromotive force. However, as the output voltage is nearly zero, the d-axis current does not follow its reference and a motor current corresponding to the backelectromotive force flows.
Analysis of Motor Current Response in ZeroOutput-Voltage Region
Although DDCCC facilitates a sinusoidal source current, a zero-output-voltage region occurs and the motor current response in the region deteriorates. In particular, a large current appears in the high-speed region, thereby deteriorating the motor efficiency. At first, this section analyzes the motor current in the zero-output-voltage region.
The voltage equation of IPMSM is as follows:
where v d and v q are the d-and q-axis voltages, R a is the stator resistance, L d and L q are the d-and q-axis inductances, φ a is the flux of the permanent magnet in the motor, and ω re is the electrical angular speed of the motor. As the zero-outputvoltage region is significantly small and the motor speed does not substantially vary, ω re is approximately constant in this region. Because the DC-link voltage in the zero-crossing region is approximately zero, the inverter output voltages v d and v q are also approximately zero. Considering Eq. (8), the state equation of an IPMSM is modeled as follows:
Equation (10) does not have control input v d and v q , and the back-electromotive force in the zero-output-voltage region significantly affects the motor current. By transforming Eq. (10) into the time domain using Eq. (11), the d-and q-axis current with the initial condition response
T ) are obtained as follows:
From Eq. (12) and Eq. (13), the d-and q-axis response current in zero-output-voltage region are governed by the backelectromotive force ω re φ a . This paper focuses on the initial condition response of the motor current in zero-outputvoltage region and reduces the alternating-current component due to ω re φ a by controlling the initial value of the motor current at the point t 0 in Fig. 2 . Since the q-axis reference current is determined by the motor torque and motor speed controller, proposed method controls i ini d to improve the motor current response in zero-output-voltage region.
As the objective of this paper is to reduce the copper loss increase in the zero-output-voltage and high-speed regions such as rated speed. Therefore, it is necessary to reduce dand q-axis current response in Eq. (12) 
Copper Loss Reduction in Zero-OutputVoltage Region
To reduce the increase in motor current and copper loss due to the back-electromotive force, the proposed method engages a certain negative d-axis current before the voltage saturation region. In this section, the initial value of the d-axis current that reduces the copper loss in the zero-output-voltage region is calculated by using Eq. (12) 
∂ ∂i
where the zero-output-voltage period T zero is determined as a voltage-saturation period, as shown in Fig. 3 . The solution, the optimal initial value of the d-axis current i opt d , is shown in appendix. To control the d-axis current according to the solution of Eq. (17) at the point t 0 , the proposed method increases the d-axis reference current before the voltage saturation region. In the inverter, the DC-link voltage has a periodicity of twice the source frequency and voltage saturation also occurs periodically. To apply the proposed d-axis reference current Fig. 3 . Proposed d-axis reference current before the voltage saturation region, the time t 0 at which voltage saturation occurs and the voltage saturation period T zero are calculated by using the periodicity based on the average value of past voltage saturation time. In this paper, the proposed method increases the d-axis reference current using the sigmoid function given in Eq. (18), because a DDCCC error occurs due to the large change in the motor current and causes resonant oscillations in the source current when the d-axis reference current is changed while being used as a step input.
As shown in Fig. 3 
In this paper, α is set to the current control bandwidth ω c , τ sig is set to 20/ω c . x is set the time from the point t 0 .
Experimental Results
To validate the effectiveness of the proposed method, experiments are conducted. The motor speed is set at 4200 rpm, the rated speed, at which the influence of the backelectromotive force is the largest. The load condition is set at 28% load as a light load condition and rated full load, respectively. Table 1 lists the motor and system parameters, and Table 2 lists the control parameters. Experimental results of the proposed method are compared with the results of the method in (7) and (12). In the electrolytic capacitor-less inverter, the input filter changes resonance oscillation on the source current greatly. When an large inductor is added as an input filter so that source current harmonics same level, the resonance oscillation between DC-link capacitor and input filter inductor is strengthened and the source current harmonics increase conversely. Therfore, experimental results are compared with the same filter condition in this paper.
Light Load Condition
Figures 4-6 show the Figure 7 shows the source current harmonics and the regulation of IEC 61000-3-2 Class A. The source current harmonics analysis considers interorder harmonics and groups them based on IEC 61000-4-7. Table 3 lists the motor efficiency and input power factor in 28% load. Figure 4 shows the experimental results using the conventional power control method in (7). In the power control method with a PI motor current controller, the bandwidth of the current control system is set at 1500 rad/s to decrease the source current harmonics. MTPA control is performed in a region where the DC-link voltage is sufficiently large. FW control is applied when the DC-link voltage decreases in the zero-output-voltage region. Near the zero-output-voltage region, the voltage saturation causes source current harmonics, which decrease the power factor and do not satisfy the guidelines, as shown in Fig. 7 . Figure 5 shows the results using DDCCC in (12). The daxis reference current is limited to i opt d . The DC-link voltage has nearly the absolute value of the source voltage waveform without charging by regeneration, as opposed to that of Fig. 4 . However, because the charging due to regeneration decreases, the period of the low DC-link voltage increases. As the output voltage becomes alomost in zerooutput-voltage region, the d-axis current does not follow its reference and the current flows due to the back-electromotive force. Thus, the copper loss increases in this region. Figure 6 shows the results of applying the proposed d-axis reference current with DDCCC. The initial value of the daxis current in the zero-output-voltage region becomes larger than that shown in Fig. 5 . Although the MTPA control period is reduced by the proposed method and the copper loss consequently increases, the increase in the d-axis current and copper loss in the zero-output-voltage region is suppressed significantly. As shown by the copper loss curve, because the increase in copper loss in the zero-output-voltage region is large compared with that of the other period, the average value of the copper loss is lower than that shown in Fig. 5 . Because the motor current is changed smoothly by the sigmoid function, large source current oscillations do not occur.
As shown in Fig. 7 , when DDCCC is used for improving the source current waveform, the source current harmonics satisfy the guideline.
In Table 3 , since the conventional power control method has large DC-link voltage by regeneration, the motor efficiency is higher than that of DDCCC. The proposed method improves motor efficiency using DDCCC by 2.7 points. On the other hand, since DDCCC improves the source current waveform, the input power factor is higher than that of the conventional power control method. Figures 8-11 show the waveforms and source current harmonics in full load. Table 4 lists the motor efficiency and input power factor in full load. The motor efficiency and input power factor in other load condition are shown in Fig. 12 and Fig. 13 . Figure 8 shows the results using the power control method in (7) at full load condition. In heavy load condition, the voltage saturation affected the source current waveform significantly. Moreover, the d-axis current response is affected by wind-up in PI motor current controller. Figure 9 shows the results using DDCCC in (12) at full load condition. In Fig. 9 , d-axis current increases in Fig. 9 . Direct DC-link current control (full load) zero-output-voltage region, the large copper loss occur similar to the light load condition. In heavy load conditions, since large d-axis current occurs under MTPA control, the initial value of the d-axis current in the zero-output-voltage region becomes larger than that shown in Fig. 5 , and the copper loss is also smaller than that shown in Fig. 5 . Figure 10 shows the results of applying the proposed daxis reference current with DDCCC at full load condition. Although the copper loss is reduced compared with that of Fig. 9 , the amount of copper loss reduction is smaller than that in light load conditions because the MTPA control allows the flow of large d-axis current in heavy conditions, and increases the initial value of the d-axis current in the zerooutput-voltage region.
Heavy Load Condition
In Table 4 show a tendency similar to those in Table 3 . Since the MTPA control gives a large d-axis current in heavy load condition, the improvement of motor efficiency by proposed method is smaller than that in light load condition. The efficiency of the power control method in (7) deteriorates due to windup of the current control system in heavy load condition.
As shown in Fig. 12 , the proposed d-axis reference current improves the motor efficiency under any load condition. In particular, the proposed method effectively improves the motor efficiency at light load as the conventional d-axis reference current is small, and maximum improvement rate of the motor efficiency is 8.52 points at 14% load. Figure 13 shows that there is no significant decrease in input power factor by applying the proposed method, and an input power factor of 90% or more is obtained.
Conclusion
In this paper, a copper-loss reduction control scheme is proposed in the zero-output-voltage region for an electrolytic capacitor-less single-phase-to-three-phase inverter. In zerooutput-voltage region, the motor current flows based on the back-electromotive force. In particular, the motor current increases in the high-rotational-speed region. The proposed method reduces the increase in motor current due to the backelectromotive force by utilizing the initial-condition response of the motor current. The optimal initial value of d-axis current that reduces copper loss in the zero-output-voltage region is calculated by using the equation of the dq-axis current response in the time domain, where the output voltage is zero. The proposed d-axis reference current effectively reduces the increase in copper loss in the zero-output-voltage region in the experiment. Especially, the proposed method effectively enhances the motor efficiency at light load conditions such as 28% load and improves by up to 8.52 points while satisfying the guidelines for a harmonic source current. 
